The change in the composite hardness with penetration depth derived from nanoindentation tests conducted on coated systems, which involve the deposition of multilayer coatings, in general exhibits a complex shape, as a consequence of the sequential contribution of each coating layer to the composite hardness during indentation loading. In spite that there are a number of models, which have been proposed for describing the change of the composite hardness with penetration depth for monolayer coatings, as well as for determining the coating and substrate hardness, very few research works have addressed the problem of describing this kind of data for multilayer coatings. In the present communication, a rational approach is proposed for extending two models widely used for the analysis of monolayer coatings, in order to describe the composite hardness data of multilayer coatings, as well as for determining the hardness of each individual layer and that of the substrate. Thus, a modified form of the models earlier advanced by Korsunsky et al. and Puchi-Cabrera, as well as their computational instrumentation, are proposed. The extension of both models to deal with multilayer coatings is conducted on the basis of the model developed by Iost et al., in order to adapt the Jönsson-Hogmark model to the analysis of indentation data of multilayer coatings. Such a methodology provides a means of computing the volume fraction of each individual layer in the coating, which contributes to the composite hardness. According to the results obtained, this scheme seems to be general enough to be applicable to different hardness models other than the Jönsson-Hogmark model. The proposed modified models are validated employing nanoindentation results obtained from a 2024-T6 aluminum alloy coated with a diamond-like carbon film, employing electroless NiP as intermediate layer. The advantages and disadvantages of the different models employed in the analysis are thoroughly discussed.
Introduction
In general, multilayer coatings exhibit better mechanical properties and higher chemical inertness than monolayer coatings and therefore, they are widely employed for the improvement of the surface properties of different parts and components subjected to diverse forms of surface damage, which include among others, wear, scratch, abrasion, corrosion and high temperature oxidation. In particular, the improvement in mechanical properties of multilayer coatings arises from the presence of different interlayers in their architecture, which makes possible the deflection of cracks, increasing their ability to reduce crack propagation and therefore, leading to a better performance of the coated system against damage by wear, scratch and abrasion.
Due to their outstanding properties and therefore, to the exceptional capabilities provided to the coated system, multilayer coatings have attracted a great deal of attention and in the past few years have become an important research objective. Thus, a wide range of scientific and technological aspects concerning these coatings have been investigated, which include, among others, the correlation between microstructure, mechanical properties (hardness and elastic modulus), impact resistance and tribological performance of different systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , deformation mechanisms induced by indentation and nanoindentation damage [11] [12] [13] , effect of layer architecture (number of layers, layer thickness, modulation ratio, bi-layer and multi-layer period) on mechanical properties, tribological performance and oxidation resistance [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , extraction of mechanical properties by different methods [29, 30] , effect of substrate temperature on residual stresses, hardness and resistivity [31, 32] and plastic deformation and size effects [33, 34] .
As pointed out by Kataria et al. [35] , the properties of multilayer coatings are significantly dependent on the properties of the individual layers, which compose the multilayer coating. The above observation points out the need of developing a consistent methodology for extracting the intrinsic properties of the different layers. As indicated recently by Bull [34] , the determination of mechanical properties such as hardness, elastic modulus and fracture toughness of individual coating layers is of utmost importance for design purposes.
However, in order to accomplish this objective the influence of both the layers below and the substrate should be avoided. In the case of monolayer films deposited onto a given substrate, particularly for extracting the film intrinsic hardness, usually the rule of thumb of 10% of the coating thickness is applied. Nevertheless, this rule is not expected to be fulfilled strictly, since it depends significantly on the difference between the elastic and plastic properties of film and substrate (in the case of monolayer coatings) or between the properties of the different layers, which constitute the multilayer coating.
Multilayer coatings are quite heterogeneous materials and therefore, nanoindentation testing techniques represent the most suitable means of evaluating their global response under indentation loading, as well as assessing the mechanical properties and damage mechanisms of the individual layers. However, given the heterogeneous nature of these materials, it is expected that under indentation a complex stress state develops, as a consequence of the difference in mechanical properties between the layers, as well as between the layers and substrate and that such complex stresses have in turn an influence on the indentation response of the coated system.
Despite that a number of models have been developed for the description of the composite hardness of coatings systems, which involve the deposition of a monolayer coating [36] [37] [38] [39] [40] [41] [42] [43] [44] , very few works have been devoted to development of similar models for the case of multilayer coatings. In this sense, one of the most significant contributions is that developed by Iost et al. [45] , who modified the hardness model originally advanced by Jönsson and Hogmark [36] , based on an area law of mixture. In this way, Iost and co-workers [45] were able to analyze the indentation behavior of a porous silicon structure obtained by anodization, consisting of a three-layer structure compose of a top oxidized porous silicon layer, an intermediate porous silicon layer and the silicon substrate. This approach allows the simultaneous determination of the intrinsic hardness of each of the individual layers, as well as that of the substrate. Also, it takes into consideration the behavior of each layer (plastic deformation or fracture) under indentation loading.
The original model advanced by Jönsson and Hogmark [36] for the analysis of the indentation behavior of a single coating deposited unto the substrate has a physical basis, in the sense that it stems from the proportionality that exists between the indented area and the square of the indentation depth. However, it has been criticized on the basis of the ill-definition of the volume fraction of the coating that contributes to the composite hardness and its critical dependence on coating thickness [46, 47] .
Therefore, the present investigation has been conducted in order to develop a simple and systematic methodology leading to a similar modification of two other models widely employed in the description of the composite hardness of coated systems. These models include that advanced by Korsunsky et al. [39] [40] [41] , as well as the one later proposed by Puchi-Cabrera [42, 43] , in such a way that these models could also be employed in the analysis of the indentation behavior of multilayer coatings and particularly in the determination of the intrinsic hardness of the individual layers by taking also into consideration their behavior under indentation loading.
Basis of the model
The detailed account of the modification of the model advanced Jönsson and Hogmark [36] (JH) for the description of the composite hardness of multilayer coatings has already been given by Iost et al. [45] . Therefore, in the present communication only the most relevant equations, as well as their computation instrumentation will be presented.
In the original model proposed by Jönsson and Hogmark [36] , the volume fraction of the coating material, which contributes to the composite hardness, a f , expressed in terms of indentation (penetration) depth, h, is given by:
In the above equation C represents a constant, which depends on the indentation behavior of the coating material and indenter geometry [45] and t f the coating thickness. If under indentation loading employing a Berkovich indenter the coating undergoes fracture, C = 0.0915, whereas if the coating undergoes plastic deformation, C = 0.1746.
Since the volume fraction of the coating material should fulfill the condition that: 0 ≤ a f ≤ 1, Eq. (1) is ill defined, since if h b C t f , a f does not tend to 1, as it should. Thus, the above definition should be complemented in the following manner:
Thus, for a monolayer coating the composite hardness, H c , would be given by:
where, H f represents the intrinsic hardness of the coating and H s the substrate hardness. Thus, given the ill-definition of a f , from the computational viewpoint, in order to determine simultaneously the values of both H f and H s , the composite hardness should be defined as follows: 
Therefore, Eqs. (4) through (9) encompass the computational procedure that should be followed in order to determine the change in the composite hardness with penetration depth for a multilayer coating, according to the model advanced by Iost et al. [45] . Also, by means of non-linear least square analysis, it allows the computation of the intrinsic hardness of each layer, as well as that of the substrate.
In the above equations a f (i) and a f (j) represent the volume fraction of any layer in the coating, which contributes to the composite hardness, a f (S) the volume fraction of substrate, C (i) the corresponding value of the geometrical constant for the ith layer under consideration, which depends on its indentation behavior, t f (i) its thickness and H f (i) its hardness. H f0 and H s0 represent the intrinsic hardness (disregarding any ISE) of the ith layer and substrate, respectively, whereas B (i) and B s the corresponding ISE parameters.
2.1. A modified form of the models advanced by Korsunsky et al. [39] [40] [41] and Puchi-Cabrera [42, 43] According to the model originally advanced by Korsunsky et al. [39] (K), based on the work of indentation, the volume fraction of coating that contributes to the composite hardness can be expressed in terms of penetration depth by the following equation:
The above equation was subsequently generalized [40, 41] to the following expression:
in order to allow values for the exponent other than 2.
On the other hand, as far as the model advanced by Puchi-Cabrera [42, 43] (PC) is concerned, the volume fraction of coating can also be expressed as:
In Eqs. (10) through (12), β k , β p , n k and n p represent material parameters characteristic of the coated system. Particularly, the parameter β in Eqs. (10) through (12) physically represents the ratio h/t for which the fraction (H C − H S ) / (H F − H S ) achieves a given constant value, depending on the model under consideration. In the case of the K model such a fraction is equal to 0.5, whereas in the PC model, it is of approximately 0.37. As can be clearly observed, for both models 0 ≤ a f ≤ 1, which allows the determination of the composite hardness of a coated system by means of Eq. (3).
The modification and computational implementation of both models, in order to describe the composite hardness of a coated system involving a multilayer coating, based on the ideas developed by Iost et al. [45] , could be conducted as illustrated below. In the case of the Korsunsky et al. model, for the first layer of the multilayer coating, the volume fraction can be re-defined as:
For the jth layer of the coating:
In the case of the model advanced by Puchi-Cabrera [42, 43] (PC), for the first layer of the coating the volume fraction would be given by:
and for the jth layer of the coating:
In Eqs. (13) through (16), K f (i) represents the fraction of the i th layer thickness above which either the layers below or substrate will start to contribute to the composite hardness. For both models, the exponents involved in the definition of the different volume fractions have been set to 2, as in the original model advanced by Korsunsky et al. [39] . Finally, the computation of the volume fraction of the substrate, as well as the composite hardness of the coated system can be accomplished by means of Eqs. (7) and (8), allowing also for the possibility of introducing an ISE by means of Eq. (9). The illustration of the applicability of these modified versions of the models advanced by Korsunsky et al. [39] [40] [41] and Puchi-Cabrera [42, 43] will be presented in the next section, regarding the analysis of the indentation behavior of a 2024-T6 aluminum alloy coated with a DLC film, employing a NiP plating as intermediate layer. The results provided by these two models will also be compared with that obtained from the modified JH model.
Experimental materials and techniques
The modified models presented in the previous section were validated employing the nanoindentation data obtained from a coated system consisting of a 2024-T6 aluminum alloy, which was plated with a NiP coating, as intermediate layer and subsequently coated with a hydrogenated a-C:H diamond-like carbon (DLC) film, commercially known as Dymon-iC TM . Physical vapor deposition (PVD) was carried out by Teer Coatings, U.K., by means of closed field unbalanced magnetron sputtering ion platting (CFUBMSIP), coupled with plasma assisted chemical vapor deposition (PACVD). Details of the deposition techniques and characterization of the coated system are given elsewhere [48, 49] .
The hardness versus penetration depth data was determined by means of nanoindentation tests using a MTS XP Nano Indenter under a continuous stiffness measurement mode and equipped with a Berkovich indenter. Prior to indentation tests, the calibration of the indenter tip was carried out employing a fused silica sample. 25 indentations were conducted on three different samples of the coated system and the hardness versus indentation depth was recorded continuously up to approximately 7000 nm, at a constant indentation rate of 0.05 s − 1 . The results were analyzed by means of the Oliver and Pharr method [50] . Thus, Fig. 1a and b illustrate typical curves showing the change both in elastic modulus and hardness for the fused silica standard. It can be clearly observed that the elastic modulus remains constant at penetration depths greater than approximately 7 nm, whereas the hardness achieves a constant value above approximately 100 nm. Therefore, in order to test the different hardness models studied in the present investigation, the hardness data determined at indentation depths less than 100 nm were disregarded. Prior to the deposition of the DLC coating, a CrC intermediate layer was deposited onto the NiP plating. Therefore, in principle, the coated system encompasses a DLC coating and a CrC film, which together have a thickness of approximately 2.2 μm, and an electroless NiP plating with a thickness of about 52 μm, all of which are deposited onto the aluminum alloy substrate. However, the detailed analysis conducted by Staia et al. [49] indicates that during PVD deposition, a diffusive reaction between the DLC, CrC and NiP took place, which occurred over a distance of approximately 4 μm into the NiP from the CrC-NiP interface, giving rise to the presence of another layer of CNiPCr. Fig. 2 illustrates a scanning electron microscopy (SEM) cross section view of the coated system after fracture, showing the approximate location of the different layers, which encompass the multilayer coating.
Therefore, as far as the validation of the proposed models is concerned, the multilayer coating will be considered as a first layer of DLC with a thickness of 900 nm, a second layer of CrC with a thickness of 1200 nm and a diffusive layer of CNiPCr with a thickness of 4000 nm. The electroless NiP plating, with a thickness of 48 μm, is considered as the substrate for all practical purposes. 
Experimental results
Fig . 3 illustrates the change in the composite hardness as a function of penetration depth as determined from the nanoindentation tests. The experimental data encompasses approximately 20 thousand points and shows the scatter band usually observed for this kind of test. The maximum hardness value, somewhat above 14 GPa, is obtained at penetration depths of approximately 400 nm, which represents somewhat less than 50% of the DLC coating thickness. Therefore, it is expected that the increase in hardness is associated with the presence of the CrC layer located below the DLC coating. Furthermore, the subsequent decrease in hardness observed for penetration depths greater than 400 nm indicates that the CrC layer should exhibit the highest intrinsic hardness of the different layers, which compose the multilayer coating, as it should be confirmed from the modeling results.
The preliminary description of the experimental data by means of the modified JH model indicates, according to the different values determined for the constant C, that under indentation loading the DLC layer tends to fracture, whereas the CrC and CNiPCr layers tend to deform plastically. Therefore, by setting C (DLC) = 0.0915 and C (CrC) = C (CNiPCr) = 0.1746, a non-linear least squares analysis can be conducted in order to determine the intrinsic hardness of the different layers, as well as that of the NiP substrate. Fig. 3 illustrates the final description of the experimental hardness data by means of this model, after imposing the above conditions. Table 1 summarizes the values of the different parameters involved in the model. Also, the Table includes the value of the mean square error (MSE), defined as: Ω / (N − N p ), where Ω represents the objective function or sum of squares, N the number of experimental data points and N p the number of parameters employed in the fit. In this way, a rational comparison among the different hardness models could be made.
As can be observed in Fig. 3 , taking into consideration that only four parameters have been fitted with the least-squares procedure, the modified JH model is able to provide a satisfactory description of the change in the composite hardness of the coated system as a function of penetration depth. Accordingly, the model predicts that from the surface of the DLC layer up to a penetration depth of approximately 82 nm the composite hardness will remain constant and its value will be determined by the intrinsic hardness of the DLC layer.
As the penetration depth increases the CrC layer starts to contribute to the composite hardness and up to a penetration depth of approximately 300 nm the composite hardness will be determined by these two layers. For penetration depth values greater than 300 nm the CNiPCr layer starts to contribute to the composite hardness. However, despite the fact that its intrinsic hardness is less than that of the CrC layer, the composite hardness continues to increase up to approximately 410 nm. Thus, from this penetration depth up to approximately 1000 nm, the composite hardness is solely determined by the first three layers and beyond 1000 nm, the substrate will start to contribute to its value, giving rise to a further decrease, as shown by the predicted curve in Fig. 3 .
The contribution of each layer to the evolution of the composite hardness with penetration depth, according to this model, can be clearly observed in Fig. 4 . This Figure illustrates the change in the volume fraction of each layer contributing to the composite hardness as a function of penetration depth, a convenient form of representation that was proposed by Iost et al. [45] . Thus, the different penetration range intervals over which each particular layer of the multilayer coating dominates the contribution to the composite hardness, can be easily determined. However, these features are significantly dependent on the model employed for the description of the composite hardness.
The parameters involved are presented in Table 2 . As can be observed in this Figure, the modified K model provides an excellent description of the experimental composite hardness data, which of course is achieved at the expense of a significant increase in the number of parameters employed. Contrary to the modified JH model, the modified K model predicts the fracture of the DLC layer at an earlier stage, as well as the initiation of the contribution of the CrC layer to the composite hardness. These features can be clearly observed in Fig. 6 , which illustrates the change in layer volume fraction as a function of penetration depth for this model. In order to compute the intrinsic hardness of the different layers by means of this model, the corresponding parameters K f (i)
, which represent the fraction of the coating thickness from which the layers below starts to contribute to the composite hardness, were allowed a range interval between 0.01 and 1. Thus, whereas for the JH model such fractions have fixed values, depending on the behavior of the material under indentation loading, for the modified K model these fractions can take a wide range of values, representing three parameters to be fitted. An interesting observation concerning Table 2 is that the different β k values remain in a short range interval, between approximately 0.2-0.3. Therefore, in principle, it would be possible to assume a mean constant value of such a parameter for the different layers, with the consequent reduction in the number of constants to be fitted.
Regarding the modified model advanced by Puchi-Cabrera (PC), Fig. 7 illustrates the corresponding description of the experimental composite hardness values as a function of penetration depth and Table 3 summarizes the magnitude of the different parameters involved in the fit. This model also provides a satisfactory prediction of the changes in the composite hardness with the increase in the indenter displacement, similar to the two previous models. However, two important differences should be pointed out after comparing the results provided by this model with those provided by the modified K model.
In the first place, the range interval for the β p values spans from approximately 0.31 to 0.43. Secondly, the MSE is slightly higher than in the previous case. Therefore, it would be also interesting to explore the possibilities of assigning a mean constant value to β p , in terms of the change in the mean square error. Such an analysis for both the modified K and PC models will be conducted in the next section.
An interesting feature of the modified K and PC models is the prediction of a hardness value for the electroless NiP "substrate" in the range of approximately 7.5 GPa, which agrees very well with the value reported by Staia et al. [49] of~7.7 ± 0.5 GPa. The latter value was obtained experimentally from nanoindentation tests carried out on one of the PVD deposited samples, but on its reverse side, where the DLC coating was not deposited. The change in the volume fraction of each layer, which contributes to the composite hardness, according to the modified PC model, is shown in Fig. 8 . As can be observed, according to this model the DLC film exerts the major influence in the value of the composite hardness up to indentation depths in the range of 250 nm. As the indentation depth continues to increase up to about 830 nm, the CrC layer becomes the determining coating regarding the indentation response of the coated system. This explains the achievement of the maximum composite hardness at approximately 500 nm and its subsequent decrease due to the increasing influence of the CNiPCr layer. The latter will determine the change in the composite hardness up to penetration depths of about 3500 nm, when the electroless NiP "substrate" will become the prevailing layer.
Thus, for each of the composite hardness models that have been presented, it is possible to envisage the way in which each of the layers of the multilayer coating contributes to the determination of the hardness response of the coated system, depending on its location, the behavior that it exhibits during indentation loading and the relative displacement of the indenter. Clearly, the quality of the theoretical description of the model depends on the number of parameters employed in the fit, which in turn determines the MSE associated to the model.
Discussion
In a recent paper, Iost et al. [51] analyzed the robustness of different models employed for the description of the composited hardness of coated systems, which involve the deposition of monolayer coatings, and the determination of the intrinsic hardness of both coating and substrate. This analysis encompassed the original models proposed by Jönsson and Hogmark [36] , Korsunsky et al. [39] [40] [41] and Puchi-Cabrera [42, 43] . The results of this analysis indicated that the JH model is the most robust of all due to the small number of parameters, which are employed in the fit of the experimental data. The results obtained in the present work effectively indicate that the modified JH model is able to provide a good description of the change in the experimental composite hardness versus penetration depth data, as well as estimate correctly the intrinsic hardness of the substrate. Also, the preliminary evaluation of the composite hardness data by means of this model allows an indication of the way in which each layer is expected to behave under indentation loading: fracture in the case of the DLC film and plastic deformation in the case of the CrC and CNiPCr layers.
On the other hand, the modified K and PC models are able to describe more precisely the change in the composite hardness with indentation depth than the JH model, but at the expense of a significant increase in the number of parameters involved in the models. Both approaches also provide a reasonable estimate of the substrate hardness, indicated by the independent evaluation of the hardness of the latter.
Regarding the intrinsic hardness value of the different layers involved in the coating, it is interesting to observe that the three models predict a hardness in the range of 6-7 GPa for the DLC film, which is much lower than that reported both by Jarratt et al. [48] and the ISO14577-4 standard (DLC film of approximately 2.5 μm in thickness) [52] , of approximately 18 GPa. However, since the hardness data considered in the analysis correspond to penetration depths greater than 100 nm, as indicated in Fig. 1b, it is unlikely that such a low hardness value found in the present work for the DLC coating would be due to the way in which the plastic zone develops during indentation employing a sharp indenter. It is a well known fact that under these conditions, the plastic zone develops from an inhomogeneous zone caused by a defective tip indenter, until it reaches a fully developed zone, which expands radially. During the development of the plastic zone the contact pressure increases and the hardness of the coating is then determined when the plastic zone is fully developed and a plateau is achieved on the hardness versus penetration depth curve. Fig. 9 illustrates the experimental hardness versus penetration depth curves in the interval of 100 to 500 nm. After 100 nm of indentation depth, it is expected that the plastic zone under the indenter is fully developed, which would indicate a hardness for the DLC film in the range of 5-10 GPa, in agreement with the predictions of the models. As penetration depth increases further, the hardness also increases as a consequence of the harder CrC interlayer and tends to achieve a maximum value of approximately 14 GPa at about 500 nm. The subsequent decrease in the composite hardness occurs due to the influences of the CNiPCr layer and the NiP substrate.
The relatively low hardness value that has been found for the DLC film in the present work could be due to different reasons. In the first place, it is well known that the hardness of DLC films deposited by PVD processes depends significantly on the deposition conditions. The work conducted by Michler et al. [53] indicates that amorphous hydrogenated carbon films can exhibit hardness values in the range of approximately 5-23 GPa, depending on the ratio J/p 0.6 and CH 4 flow.
Here, J represents the current density and p, the pressure. Also, Li et al. [54] found that hydrogenated amorphous carbon (a-C:H) films can have hardness values in the range of 9-14 GPa, when the bias voltage increased from 100 to 500 V. Yamamoto and Matsukado [55] also determined that hydrogenated DLC coatings, deposited by means of unbalanced magnetron sputtering, could exhibit a hardness value in the range of approximately 5-22 GPa, when the bias voltage applied during deposition increased from 0 to 100 V. However, not only deposition conditions could have a significant influence on this mechanical property, but also the intrinsic defects present in the film could play an important role. It is well known that porosity could give rise to a significant decrease in the mechanical properties of different materials. In this sense, Luo et al. [56] were able to describe the change in hardness of 3Y-TZP ceramics as a function of their porosity content, P, by means of a simple parametric relationship of the form:
In the above equation, H 0 represents the hardness of the fully dense material and α a constant, whose value was found to be 5.02. Also, Adachi et al. [57] described the effect of porosity on the hardness of polycrystalline ZrN ceramics employing the above equation and found that a value of α = 5.93 was more appropriate. In the present case, if it is considered that the DLC film has a hardness H 0 = 14 GPa, which is the value that would had been obtained according to the ISO14577-4 standard, Eq. (17) would predict a porosity for this material in the range of approximately 12-14%, which would also explain the low hardness value observed.
Besides its low hardness value, the DLC film analyzed in the present investigation also showed the trend of undergoing cracking during indentation, which was observed on the indentation curves as a sudden decrease in hardness with penetration depth, as shown in Fig. 10 . Here it is clearly seen that after approximately 14 nm a sudden and continuous decrease in the composite hardness occurs up to a penetration depth of about 55 nm, after which the hardness increases again. Such a behavior indicates that during indentation loading, nucleation and propagation of cracks occur due to the brittle nature of the film. The latter also justifies that constant C (DLC) = 0.0915 in the JH model and explains the low values of constant K f (DLC) that were determined in both the K and PC models.
As far as the hardness of the CrC film predicted by the three models analyzed in the present work is concerned, as shown in Table 1 [58] and very close to the value of 15 GPa found by Hirota and co-workers [59] for Cr 23 C 6 ceramics sintered at 1150°C. Regarding the behavior of this material under indentation, better fitting results of the entire hardness versus penetration depth curve by means of the JH model were obtained by assuming that this film undergoes plastic deformation and therefore, C (CrC) = 0.1746. This assumption is also corroborated by the other two models and particularly by the K model, for which the parameter K f (CrC) = 0.32.
In relation to the CNiPCr layer, given its diffusive nature and location close to the NiP substrate, both its hardness and mechanical behavior under indentation loading are expected to be very similar to the latter. This is effectively predicted by the three models under consideration, as shown in Tables 1 through 3. Finally, Fig. 11 illustrates a comparison of the predicted hardness versus penetration depth curves obtained with the three models analyzed in the present work. As expected, it is observed that both the K and PC models predict a similar description of the experimental data, which renders a decrease in the MSE at the expense of an increase in the number of parameters involved in the fit.
A further improvement of the modified form of the K and PC models would be a rational reduction in the number of parameters involved. For example, taking into consideration that for the modified K model the β k values ranged between approximately 0.2 and 0.3, whereas for the PC model the β p parameters varied between 0.31-0.43, an attempt could be made in order to employ a constant value of such parameters in both models, with the consequent reduction of three parameters in the fitting procedure, as well as increasing the models robustness. The unique value of the β k and β p parameter in each model, respectively, can be readily determined as the one which provides the best fit of the entire hardness versus indentation depth curve for each model. Thus, Fig. 12 illustrates the results provided by the modified K model, assuming that all the β k values have a constant magnitude of 0.27. As can be observed from the above Figure, the description of the composite hardness is still very satisfactory and the values of the intrinsic hardness of the different layers do not exhibit significant changes. Also, the MSE increases just to 1.20 MPa 2 , which is still less than that associated with the JH model. In a similar manner, Fig. 13 illustrates the description provided by the modified PC model assuming that β p = 0.36. As with the previous model, the description of the composite hardness is quite satisfactory and the MSE also increases to approximately 1.22 GPa 2 due to the decrease in the number of parameters involved in the fit. The assumption of a constant value for the β k and β p parameters in both models has the further advantage that both approaches for the description of the composite hardness are expressed in terms of parameters with a clear physical significance, including the intrinsic hardness of each layer, the hardness of the substrate and the fraction of coating thickness from which each of the layers start to contribute to the composite hardness. The above analysis also indicates that both β k and β P have a relatively minor impact on the quality of the fit provided by the K and PC models, respectively. On the contrary, the major influence of the different parameters involved in both models appears to relay on the three variables mentioned above: hardness of each film and substrate, as well as the layer thickness fraction, which determines the onset of its contribution to the composite hardness.
In summary, it can be clearly observed that the description of the change in the composite hardness as a function of penetration depth for coated systems, which involve multilayer coatings, could be conducted by means of different models. As the number of parameters involved in the fitting procedure increases, the robustness of the particular model employed decreases, whereas the MSE also decreases. However, the quality of the description of the experimental data is expected to be significantly better. These features are clearly observed when the results of the modified JH model are compared with those of the modified forms of the K and PC models.
Therefore, the advantages of the different models could be better exploited by making use of them in a combined form. Firstly, a preliminary evaluation of the intrinsic hardness of the different layers, as well as their behavior under indentation loading can be obtained by means of the JH model. Subsequently, this information can be further employed in order to carry out a more precise description of the change in the composite hardness with indentation depth by means of any of the other two models, which require the fit of a larger number of parameters.
Conclusions
A rational modification of the models earlier advanced by Korsunsky et al. [39] [40] [41] and Puchi-Cabrera [42, 43] , as well as their computational instrumentation, have been conducted, in order to describe appropriately the change in the composite hardness with penetration depth of a coated system, which involves the deposition of a multilayer coating. The extension of both models to deal with multilayer coatings has been conducted on the basis of the methodology proposed by Iost et al. [45] , for extending the Jönsson-Hogmark model [36] for a similar purpose. Such a methodology provides a way of computing the volume fraction of each individual layer in the coating, which contributes to the composite hardness. This scheme seems to be general enough to be applicable to different hardness models other than the JH model. It has been shown that the modified forms of both the K and PC models not only provide a satisfactory description of the experimental composite hardness versus penetration depth data, but also allow the computation of the intrinsic hardness of the different layers involved, as well as the hardness of the substrate. It has also been shown that it is possible to express both modified models in terms of parameters, which have a clear physical significance. However, the precise description of the experimental data by means of these two models is achieved at the expense of a significant increase in the number of parameters employed in the fit, which also gives rise to a reduction in the mean squared error, in comparison with the JH model. Therefore, the combined use of the JH model with these approaches would allow a better exploitation of the advantages of the different models in the analysis of the indentation behavior of multilayer coatings. 
